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AMP-activated protein kinase (AMPK) is an enzyme involved in the regulation of cellular homeostasis and metabolic function. Accumulating evidence suggests that AMPK is also an important regulator of neuroinflammation. In microglial cells, direct pharmacological activation of AMPK lowered the lipopolysaccharide (LPS)-induced production of TNF-α, IL-6 and inducible NO synthase (iNOS) and nuclear translocation of NFκB [2, 3] . In macrophages, overexpression of AMPK results in decreased inflammatory response, its knockdown leads to enhanced inflammatory response [4, 5] , and activation of its signaling downregulates the function of NFκB system [4, 6] . Hence, AMPK is considered as a potential therapeutic target in neuroinflammation-related diseases.
The phase-2 enzyme heme oxygenase-1 (HO-1) has also been shown to possess anti-inflammatory properties. Deficiency of HO-1 exhibited abnormalities including chronic inflammation in mice [7] , increased secretion of pro-inflammatory cytokines in activated mouse splenocytes [8] , and hyperinflammation in human [9, 10] . HO-1 induction in macrophages has been shown to mediate the switch from the proinflammatory M1 phenotype to the anti-inflammatory M2 phenotype [11] . In microglia, induction of HO-1 expression using phytochemicals or chemical agents has shown to mediate the resolution of inflammatory response [12] [13] [14] [15] . We recently synthesized a novel morpholine-containing chalcone compound KMS99220 (chemical structure shown in Fig.  7 ) that had a good pharmacokinetic profile and neuroprotective activity [16] . This compound exhibited excellent bioavailability and metabolic stability and no apparent side effect issues such as toxicity and cytochrome p450 inhibition. KMS99220 was shown to bind to Keap1 protein, activate Nrf2, and induce expression of its target genes including HO-1 [16] . On the other hand, it has been reported that some chalcone compounds are anti-inflammatory [17] [18] [19] and can activate the AMPK pathway [20] [21] [22] [23] , and that AMPK can trigger HO-1 induction [24] [25] [26] . Taken together, we hypothesized that KMS99220, being a chalcone, might trigger AMPK activation and HO-1 expression in microglia resulting in modulation of neuroinflammatory responses.
MATERIALS AND METHODS

Materials
Fetal bovine serum, Dulbecco' s modified Eagle' s medium, trypsin/EDTA, penicillin-streptomycin, and TRIzol reagent were from Thermo Fisher Scientific (Carlsbad, CA, USA). LPS, Compound C and adenine 9-β-D-arabinofuranoside (Ara A) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Control small interfering RNA (siRNA), HO-1 siRNA, Nrf2 siRNA and Lipofectamine RNAiMax reagent were purchased from Thermo Fisher Scientific. Tin protoporphyrin-IX (SnPP) was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibodies used are as follows: iNOS (sc-650), lamin B (sc-6216) and HO-1 (sc-10789) from Santa Cruz Biotechnology; NFκB (NBP1-96139) from Novus Biologicals (Littleton, CO, USA); IκB (#9242), p-IκB (#2859), AMPK (#2532) and p-AMPK (#2535) from Cell Signaling Technology (Danvers, MA, USA); and β-actin (A5441) from SigmaAldrich. Anti-rabbit IgG, anti-goat IgG and anti-mouse IgG were purchased from Sigma-Aldrich. First Strand cDNA Synthesis kit for RT-PCR was from MBI Fermentas (Ontario, Canada). Protein concentration of samples was determined by Bradford assay (Biorad, Hempstead, UK). Enhanced luminal-based chemiluminescence western blotting detection system was obtained from Pierce Chemical (Rockford, IL, USA). CellTiter-Glo ® Luminescent Cell Viability Assay kit was from Promega (Madison, WI, USA).
Synthesis of KMS99220
KMS99220 was organically synthesized according to the method we had previously published [16] .
Cell cultures
BV2 mouse microglial cells [27] were grown in Dulbecco' s modified Eagle' s medium with 10% fetal bovine serum in the presence of 100 IU/L penicillin and 10 μg/ml streptomycin. Nrf2sh cells and GFPsh cells were produced and grown in culture media as previously reported by us [28] . The cells were maintained at 37 o C in 95% air and 5% CO 2 in humidified atmosphere.
Western blot analysis
The cell lysates and nuclear fractions were obtained according to the method previously described [29] . Protein concentrations were determined, and equal amounts (30 μg) of protein were separated on 10% SDS polyacrylamide gel and transferred onto polyvinylidene difluoride-nitrocellulose membrane. The membranes were blocked for 1 h in 20 mM Tris-HCl containing 137 mM NaCl, 0.05% Tween 20 and 5% skim milk at room temperature, incubated overnight with primary antibody against iNOS (1:200), NFκB (1:1,000), p-IκB (1:1,000), IκB (1:1,000), HO-1 (1:200), p-AMPK (1:1,000), AMPK (1:1,000), lamin B (1:200) or β-actin (1:60,000) at 4 o C followed by horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Protein bands were visualized using chemiluminescence substrate and quantitatively analyzed by densitometry. 
AMPK kinase assay
The activity of AMPK enzyme was determined in the presence or absence of KMS99220 using purified AMPK protein (service provided by Eurofins Scientific, Dundee, UK). The purified AMPK was first incubated with KMS99220 in an assay buffer containing 8 mM MOPS (pH 7.0), 0.2 mM EDTA, 200 μM AMP, and 100 μM of the substrate AMARAASAAALARRR. The reaction was initiated by the addition of Mg/ATP mix (final concentrations, 10 mM magnesium acetate and 45 μM [γ-33 P]-ATP). After incubation for 40 min at room temperature, the reaction was stopped by the addition of phosphoric acid (final concentration, 0.5%). Ten μl of the reaction was then spotted onto a P30 filtermat and washed four times for 4 min in 0.425% phosphoric acid and once in methanol prior to drying and scintillation counting.
Cytotoxicity assays
Cell viability was assessed by determining the intracellular level of ATP using CellTiter-Glo ® kit as described before [29] .
RT-PCR
Reverse transcription reactions were performed using 5 μg of reverse, 5'-TAATGTCCAGGAAGTAGGTG-3'), HO-1 (forward, 5'-AGCAGGACATGGCCTCT-3'; reverse, 5'-TCTGTCAG-CATCACCTGCAG-3'), NAD(P)H:quinone oxidoreductase 1 (NQO1) (forward, 5'-CCATCCTAAACAGCGATCA-3'; reverse, 5'-TAGCTTTGATCTGGTTGTC-3'), glutamate-cysteine ligase modifier subunit (GCLM) (forward, 5'-AGCTGGACTCTGT-GATCATGGCTT-3'); reverse, 5'-CAAAGGCAGTCAAATCTG-GTGGCA-3'), glutamate-cysteine ligase catalytic subunit (GCLC) (forward, 5'-ATGACTGTTGCCAGTGGATGAGA-3'; reverse, 5'-ACACGCCATCCTAAACAGCGATCA-3'), Nrf2 (forward, 5'-CTCGCTGGAAAAAGAAGTGG-3'; reverse, 5'-CCGTC-CAGGAGTTCAGAGAG-3'), and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) (forward, 5'-CACCACCATGGAGA-AGGCTGG-3'; reverse,5'-TTGTCATGGATGACCTTGGC-CAGG-3'). 
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Griess assay
Cells were treated with various concentrations of KMS99220 with 0.2 μg/ml LPS. After 24 h, 100 μl of culture medium was mixed with 50 μl of Griess reagent (1% sulfanilamide, 0.1% naphthylethlyene diamine dihydrochloride and 2% phosphoric acid) and incubated at room temperature for 10 min. The nitrite level was measured at 540 nm with a microplate reader (SPECTRA MAX 340 pc; Molecular Devices, Menlo Park, CA, USA).
siRNA transfection
Cells were transiently transfected with siRNA (final concentration of 40 nM) for HO-1, Nrf2 or control using Lipofectamine RNAiMax reagent according to the manufacturer' s instructions. After 24 h, the cells were treated with KMS99220 or LPS, and then RT-PCR, western blot analysis and Griess assay were conducted.
Data analyses
Statistical tests were carried out using PRISM (GraphPad Software, San Diego, CA, USA). A value of p<0.05 was considered statistically significant. Comparisons of three or more groups were analyzed by one-way ANOVA (analysis of variance) and post Dunnett' s multiple comparison tests.
RESULTS
KMS99220 activates the AMPK signaling pathway in microglia
We first examined whether our chalcone compound KMS99220 might activate AMPK. When purified AMPK protein was exposed to KMS99220, the activity of the enzyme was increased in a concentration dependent manner, with 17% elevation at 10 μM (Fig. 1A) . When the murine microglial BV2 cells were exposed to KMS99220, an increase in the phosphorylated AMPK was observed in a manner dependent on KMS99220 concentration (Fig. 1B) . This occurred within 15 min of the exposure, after which the level was restored to that of the untreated control (Fig. 1C) . In accordance with the previous report that activated AMPK translocates into the nucleus [30] , the KMS99220 treatment resulted in accumulation of the phospho-AMPK in the nucleus, between 15 and 60 min (Fig. 1D ). KMS99220 had no cytotoxicity in the concentration range tested (Fig. 1E) .
AMPK is involved in microglial HO-1 induction by KMS99220
We tested if KMS99220 might induce HO-1 expression in microglial cells, and if so, whether this might involve AMPK. We performed RT-PCR, because we had previously demonstrated that the results of RT-PCR corresponded well to those of real-time RT- PCR for all genes investigated in the present study under our experimental conditions [18] . As shown in Fig. 2A , KMS99220 dramatically and dose-dependently elevated the mRNA and protein levels of HO-1. On the other hand, when the cells were pretreated with the AMPK pharmacological inhibitors Ara A or Compound C, the KMS99220-induced HO-1 elevation was not as apparent (Fig. 2B) . This suggested that AMPK played a role in the HO-1 induction.
KMS99220 suppresses NFκB signaling via HO-1 induction
Since KMS99220 induced the HO-1 expression, it was possible that it might also suppress the signaling of the pro-inflammatory transcription factor NFκB. Western blot analysis showed that nuclear NFκB, which had been elevated upon exposure to the inflammagen LPS, was suppressed in the cells treated with KMS99220 (Fig. 3A) . Since NFκB is known to be activated through phosphorylation and the subsequent degradation of its cytosolic inhibitor protein IκB [31] , we asked if KMS99220 might also modulate this upstream step. As shown in Fig. 3B , KMS99220 indeed blocked the elevation of phospho-IκB. The decrease in the total IκB protein level after the LPS exposure, implicating degradation of phospho-IκB, was also not as apparent in the cells treated with KMS99220, supporting the notion that phosphorylation of IκB has been compromised by KMS99220. We tested whether this effect of KMS99220 on the IκB/NFκB system might be mediated by HO-1. For this, HO-1 expression was knocked down by transfection of BV2 cells with siRNA (Fig.  3C) . As shown in Fig. 3D , in the cells whose HO-1 expression was obliterated, KMS99220 was no longer able to inhibit the LPSinduced IκB phosphorylation, and there was no significant difference between the LPS-alone and the LPS+KMS99220-treated cells. This was in contrast to the cells transfected with the control siRNA, in which LPS+KMS99220 treatment lowered the level of phosphorylated IκB. This phenomenon was also confirmed using a pharmacological approach. When BV2 cells were pretreated with the HO-1 inhibitor SnPP, the inhibitory effect of KMS99220 on IκB phosphorylation was reversed, and this occurred in a dosedependent manner (Fig. 3E) . 
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KMS99220 suppresses LPS-induced iNOS expression via HO-1 induction
Because activated NFκB leads to production of various proinflammatory mediators including NO in microglia, and KMS99220 was found to suppress NFκB activation, we tested whether KMS99220 might also lower NO production. For this, we assessed expression of iNOS, the NO-synthesizing enzyme, and generation of NO in LPS-activated BV2 cells. As shown in Fig. 4A , the mRNA and protein levels of iNOS, which was elevated by LPS, was dosedependently suppressed by the co-treatment with KMS99220. The generation of NO was also suppressed: the LPS-induced NO production was dose-dependently lowered by KMS99220, and 10 μM KMS99220 was able to completely block the increase (Fig. 4B) . On the other hand, in the cells whose HO-1 expression was knocked down by transfection with HO-1 siRNA, the inhibitory effect of KMS99220 on the iNOS expression was reversed, and there was no significant difference in the iNOS level between the LPS alone and the LPS+KMS99220 treated cells (Fig. 4C) . Pharmacological inhibition of HO-1 with SnPP also dose dependently alleviated the downregulating effect of KMS99220 on iNOS, completely blocking the effect at 10 μM SnPP (Fig. 4D) . Taken together, the suppression of iNOS expression by KMS99220 appeared to be mediated by HO-1.
AMPK mediates the anti-inflammatory effect of KMS99220
We asked whether AMPK might also play a role in the inhibitory effect of KMS99220 on the NO system. As shown in Fig 5A, pretreatement with the AMPK inhibitor Ara A was able to dose-dependently reverse the inhibitory effect of KMS99220 on the LPSinduced iNOS expression. This correlated well with the amount of NO produced under this condition (Fig. 5B) . Compound C, another pharmacological inhibitor of AMPK, showed a similar effect (Fig. 5C ). Taken together with the finding that these AMPK inhibitors also suppresses HO-1 induction by KMS99220 (Fig. 2) , these results suggested that AMPK likely acts upstream of HO-1 in mediating the anti-inflammatory effect of KMS99220.
KMS99220 can exert early anti-inflammatory effects independent of Nrf2
Since the effect of KMS99220 on the IκB/NFκB system occurred within 1 h, and HO-1 mediated this response, the HO-1 induction would be expected to be increased at an early time point. As shown in Fig. 6A , the HO-1 mRNA level was indeed elevated within 1 h of the KMS99220 treatment. As the HO-1 gene is known to be under the control of the transcription factor Nrf2, it was possible that this early induction occurred via Nrf2. However, when we examined the expression levels of NQO1, GCLM and GCLC, whose gene expressions are also known to be under the control of Nrf2 signaling, they were not changed in this time frame (Fig. 6A) . This suggested that a mechanism independent of Nrf2 signaling might be involved in the KMS99220-induced early expression of HO-1.
To test this notion, we asked if the KMS99220 effect is still present in cells whose Nrf2 expression has been knocked down. For this, BV-2 cells were transfected with Nrf2 siRNA and the obliteration of Nrf2 mRNA was confirmed (Fig. 6B) . When these cells were exposed to KMS99220 for only 1 h followed by a brief LPS challenge, the increase in the expression of HO-1 was evident, compared to LPS-alone control (Fig. 6C) . The degree of HO-1 induction in the Nrf2 knockdown cells was not smaller than that in the control cells. This indicated that the early HO-1 induction observed after KMS99220 exposure indeed did not require Nrf2. Western blot analysis on the same samples against phosphorylated IκB revealed that the inhibition of IκB activation by KMS99220 still occurred in the absence of Nrf2 (Fig. 6C) . As expected, the subsequent expression of iNOS was still downregulated in the Nrf2 knockdown cells in a manner not different from the control cells (Fig. 6D) . For further confirmation, we performed the same test in BV2 microglia cells whose Nrf2 had been stably knocked down by introducing Nrf2sh [28] (Fig. 6E) . Again, KMS99220 effectively induced HO-1 expression and inhibited IκB phosphorylation in the Nrf2 knockdown cells (Fig. 6F) . In addition, the downregulation of iNOS expression still occurred in these cells (Fig. 6G) . Taken together, these results indicated that the KMS99220-induced early induction of HO-1 and the subsequent anti-inflammatory response occurred independently of the presence of Nrf2.
DISCUSSION
With the increasing evidence that neuroinflammation plays a vital role in neurodegeneration, candidate drugs that target neuroinflammation toward therapy for neurodegenerative diseases are being actively sought. In the present study, our novel morpholinecontaining chalcone KMS99220, which was previously shown to possess a neuroprotective property with excellent pharmacological properties [16] , also exerts anti-inflammatory effects on microglia, and that this is mediated by AMPK activation followed by HO-1 induction that occurs independent of the presence of Nrf2.
The present study shows that KMS99220 can suppress activation of NFκB, the inflammation-associated transcription factor, expression of its downstream gene iNOS and production of the KMS99220 Is Anti-neuroinflammatory inflammatory mediator NO. This inhibition of inflammatory signaling by KMS99220 appears to be mediated by HO-1 induction: KMS99220 is able to induce HO-1 gene expression, and the inhibitory effects of KMS99220 on iNOS expression and IκB activation are lost in both HO-1 siRNA-transfected cells and HO-1 inhibitor-treated cells. This is in line with the previous reports on the anti-inflammatory role of HO-1. The exact mechanism of anti-inflammatory activities mediated by HO-1 remains unclear, but the enzymatic metabolites bilirubin and carbon monoxide are thought to be involved. For example, it has been reported that bilirubin inhibits iNOS expression and NO production in response to endotoxin in rats [32] , and that carbon monoxide attenuates NO production and NFκB activation in LPS-induced endothelial cells [33] . We show in the present study that the early induction of HO-1 expression that occurs within 1 h of KMS99220 exposure and is associated with the anti-inflammatory response might take place independent of the transcription factor Nrf2. This was demonstrated by the finding that HO-1 expression and anti-inflammatory responses still occur in the absence of Nrf2. In addition, the expression levels of other Nrf2-dependent genes, such as NQO1, GCLM and GCLC, were not increased in this time frame. We show that the early expression of HO-1 is dependent on AMPK signaling. KMS99220 was able to activate AMPK within 15 min and induce HO-1 expression, and inhibition of AMPK activity abolished the HO-1 induction. Other transcription factors reported to be involved in HO-1 induction include CREB [34, 35] and FOXO1 [36, 37] , and they are reported to be activated by AMPK [38, 39] . Therefore, it is possible to speculate that AMPK, upon activation by KMS99220 and subsequent translocation into the nucleus, acts on any of these transcription factors and leads to the early HO-1 expression. We have previously shown that KMS99220 is able to bind to Keap1, the inhibitory protein for Nrf2, and lead to Nrf2 activation Ji Ae Lee, et al. [16] . Because HO-1 is a target gene of Nrf2, it was possible that the KMS99220-induced HO-1 elevation occurred via this signaling. However, we noted a discrepancy in time course, in that the suppression of IκB phosphorylation and NFκB nuclear localization by KMS99220 took place faster than the increase in HO-1 resulting from Nrf2 activation. This led us to ask whether there might be another, earlier mechanism for activation of the anti-inflammatory response. The present study shows that AMPK activation and the resulting expression of HO-1 occurs faster, within the same time window as the NFκB activation. Since KMS99220 also interacts with Keap1, it can be postulated that the KMS99220-induced HO-1 induction is biphasic, first via AMPK activation and later via Nrf2 signaling (Fig. 7 ). KMS99220 appears to act as direct activator of AMPK, because it led to increased enzyme activity of purified AMPK protein. Studies have suggested the utility of AMPK-activating compounds as a therapeutic agent for neuroinflammatory disorders. In microglial cells, pharmacological activation of AMPK using its direct AMPK agonists 5-amino-4-imidazole carboxamide riboside and ENER-GI-F704 lowered the LPS-induced production of TNF-α, IL-6 and iNOS and nuclear translocation of NFκB [2, 3] . In addition, activation of AMPK resulting from exposure to the phytochemicals such as (+)catechin, resveratrol, and lycopene have all been linked to suppression of microglial activation [13, 40, 41] . In macrophages, overexpression of AMPK results in decreased production of TNF-α and IL-6 after LPS exposure, whereas knockdown of AMPK expression leads to increased production of these proinflammatory cytokines [4] . In addition, macrophages generated from AMPKα1-deficient mice exhibited enhanced inflammatory response [5] , and the AMPK signaling downregulates the function of NFκB system [4, 6] .
In conclusion, our novel chalcone compound KMS99220 activates AMPK signaling, leading to downregulation of inflammatory response in microglia, and this appears to be mediated by HO-1 that is induced Nrf2-indepdendently downstream of AMPK at an earlier time point. Together with our previous finding that KMS99220 exhibits excellent neuroprotective property and pharmacokinetic profile, the compound might be utilized as a potential candidate for therapy of neuroinflammation-and neurodegeneration-associated disorders.
